1. Introduction {#sec1-polymers-10-01176}
===============

Natural fiber reinforced polymer composites (NFPCs) have been widely utilized in construction, automotive, packaging, window and door frames, furniture, railroad sleepers, gardening items, shelves, aerospace, leisure, and sports industries. NFPCs yield economic, environmental, and social benefits \[[@B1-polymers-10-01176],[@B2-polymers-10-01176],[@B3-polymers-10-01176]\]. Natural fibers have a bright prospect as a substitution of artificial, non-renewable, and undegradable fibers in polymer composites. However, the polarity of typical natural fibers lead to a relatively low compatibility with non-polar polymer matrices (e.g., polyethylene) and insufficient wetted by non-polar polymer matrices \[[@B4-polymers-10-01176]\]. The weak interfacial adhesion between polar natural fibers and non-polar ones lead to a reduction of stress transfer efficiency from the matrix to the reinforcing fibers. A further drawback of the NFPCs is the increased water absorption due to the hydrophilic natural fibers. Water absorption changes the volume of the fibers within the NFPCs and induces internal stresses \[[@B5-polymers-10-01176]\]. The swelling and shrinking of the fibers that surround the matrix decreases the adhesion between the fibers and the matrix, resulting in a significant degradation of the initial properties of the NFPCs \[[@B5-polymers-10-01176]\]. Moreover, water absorption and temperature variation are able to change the macro dimensional of the NFPCs and bring some negative effects to the practical application of the NFPCs.

Natural fibers are mainly composed of cellulose, hemicellulose, and lignin, with a small quantity of extractives, whose content varies depending on their origin. Extractives are non-framework polymers of natural fibers that can be extracted with either neutral organic solvents and/or water \[[@B6-polymers-10-01176]\]. These are complex mixtures of flavonoids, lignans, stilbenes, tannins, inorganic salts, fats, waxes, alkaloids, proteins, simple and complex phenolics, simple sugars, pectins, mucilages, gums, terpenes, starch, glycosides, saponins, and essential oils \[[@B2-polymers-10-01176]\]. At processing temperatures, extractives may tend to concentrate at the surface of natural fibers, thus interfering with the fiber-matrix adhesion of the NFPCs \[[@B2-polymers-10-01176],[@B6-polymers-10-01176]\]. As a residue of rice crops, rice straw (RS) contains a high number of extractives \[[@B7-polymers-10-01176],[@B8-polymers-10-01176]\]. Rice straw has been used as raw material for NFPCs, such as polymer composites \[[@B9-polymers-10-01176],[@B10-polymers-10-01176]\], particleboard \[[@B8-polymers-10-01176]\], and fiberboard \[[@B11-polymers-10-01176]\]. Research regarding the effects of extractives on the rice straw reinforced plastic composites is limited. A large number of voids were found that act as defects in the internal of rice straw/polyethylene (HDPE) composites ([Figure 1](#polymers-10-01176-f001){ref-type="fig"}a) with a high rice straw content (60 wt %), which was in close connection with the die swell. Previous investigations by our group demonstrated that the three methods of extractives removal of rice straw via cold water (CW), hot water (HW), and 1% alkaline (AL) methods change the chemical composition of rice straws and improve the interphase adhesion between the rice straw and the high-density polyethylene (HDPE) matrix. Inner defects ([Figure 1](#polymers-10-01176-f001){ref-type="fig"}b--d) and the die swell phenomenon of RS/HDPE composites are eradicated, and the static mechanical properties of RS/HDPE composites are significantly increased. Extractives removal via CW and HW are simple, low cost, and effective methods compared to the extractives removal via AL. Cellulose and hemicellulose of the natural fibers are the main composition that increase the water absorption of the NFPCs \[[@B12-polymers-10-01176],[@B13-polymers-10-01176],[@B14-polymers-10-01176]\], which can be contributed by their hydroxyl groups \[[@B2-polymers-10-01176]\]. The altered chemical composition of rice straws by extraction might vary the water absorption of the RS/HDPE composites and influence the dimensional stability of the RS/HDPE composites. The altered chemical composition of rice straws, the improved interphase adhesion, and various internal state of the final composites could also show different performances in the practical application of the composites.

To clarify, the dimensional stability (water uptake and thermal expansion), dynamic mechanical properties and creep and stress relaxation behavior of both extracted and unextracted rice straw/HDPE composites were systematically investigated in this study.

2. Materials and Methods {#sec2-polymers-10-01176}
========================

2.1. Materials {#sec2dot1-polymers-10-01176}
--------------

HDPE (5000 s) was obtained from Daqing Petrochemical Co., Daqing, China. Its density was 0.95 g/cm^3^ with a melt flow rate of 0.70 g/10 min. Rice straw was purchased from a local farm in Harbin, China. Rice straw flour that could pass through a 40-mesh was fabricated with a mill in the laboratory. Maleated polyethylene (MAPE) served as a compatibilizer and was supplied by Shanghai Sunny New Technology Development Co., Shanghai, China. MAPE had a melt flow rate of 2 g/10 min and graft ratio of 0.9 wt %. Polyethylene wax was used as lubricant and was purchased from Nanjing Adisi Import & Export Co., Ltd., Nanjing, China. Sodium hydroxide (96% purity) was obtained from the Tianjin DaLu Chemical Reagent Factory, Tianjin, China.

2.2. Removal of Rice Straw Extractives {#sec2dot2-polymers-10-01176}
--------------------------------------

Extractives of rice straw were removed via hot 1% AL solution (T 212 om-02 standard), CW, and HW (T 207 cm-08 standard). The extracted rice straws were named as AL-RS, CW-RS, and HW-RS, respectively. The content of Al, CW, and HW extractives of RS is shown in [Table 1](#polymers-10-01176-t001){ref-type="table"}.

2.3. Preparation of Rice Straw/HDPE Composites {#sec2dot3-polymers-10-01176}
----------------------------------------------

HDPE, MAPE, lubricant, and four dry rice straws (RS, AL-RS, CW-RS, and HW-RS, moisture content \<3%) were compounded at specific ratios of 34:4:2:60 wt % in a high-speed mixer (SHR-10A, Zhangjiagang Tongsha Plastic Machinery Company, Zhangjiagang, China) for 10 min at room temperature. A parallel-rotating twin-screw extruder (diameter 518 mm and L/D40, SH30, Nanjing Rubber Machinery Corp., Nanjing, China) was used to press the compounds into pellets at temperatures ranging from 145 to 165 °C. The pellets were then extruded through a single-screw extruder (SJ-45, Nanjing Rubber Machinery Factory, Nanjing, China) into profiles. Both extracted and unextracted rice straw/HDPE composites were individually coded as AL/HDPE, CW/HDPE, HW/HDPE, and RS/HDPE according to extraction method.

2.4. Analysis {#sec2dot4-polymers-10-01176}
-------------

### 2.4.1. Compositional Analysis of Rice Straw Flour {#sec2dot4dot1-polymers-10-01176}

The lignin, alpha-cellulose, and ash contents of both extracted and unextracted rice straws were determined in accordance with the Technical Association of Pulp and Paper Industry (TAPPI) methods (APPI T222 om-11, TAPPI T203 cm-99, and TAPPI T211 om-02). A NaClO~2~ treatment \[[@B15-polymers-10-01176]\] was performed to measure the hemicellulose content, which was determined as the difference in value between holocellulose and alpha-cellulose contents. The main chemical composition of the unextracted and extracted rice straw are shown in [Table 1](#polymers-10-01176-t001){ref-type="table"}.

### 2.4.2. Fourier Transform Infrared (FTIR) Analysis {#sec2dot4dot2-polymers-10-01176}

A Fourier transform infrared spectrometer equipped with an attenuated total reflectance (ATR) accessory (Nicolet 6700, Thermo Fisher Scientific, Agawam, MA, USA) was used to analysis the hydroxyl groups of both extracted and unextracted rice straw at a resolution of 4 cm^−1^ with 32 scans.

### 2.4.3. Bulk Density of both Extracted and Unextracted Rice Straw Flour {#sec2dot4dot3-polymers-10-01176}

The method of Pak Sui Lam and Shahab Sokhansanj \[[@B16-polymers-10-01176]\] was used to determine the bulk density of RS, CW-RS, HW-RS, and AL-RS. A funnel with the opening diameter of 1.5 cm was suspended over a cylindrical container with a height-diameter ratio of 1.40. Rice straw flour flowed freely into the cylindrical container from the funnel at a height of 20 cm. Bulk density of rice straw flour was determined by weight/volume and every sample was repeated five times.

### 2.4.4. Optical Micrograph of the Internal State of Rice Straw/HDPE Composites {#sec2dot4dot4-polymers-10-01176}

The internal states of rice straw/HDPE composites were observed via polarizing microscope (AMART-POL, Chongqing Optec Instrument Co., Ltd., Chongqing, China). Slices with a thickness of 5 μm were cut from the composites using a microtome for the observation.

### 2.4.5. Water Absorption Test {#sec2dot4dot5-polymers-10-01176}

Water absorption (WA) and thickness swelling (TS) of the AL/HDPE, CW/HDPE HW/HDPE, and RS/HDPE were tested in accordance with ASTM D570. Specimens measuring 25 mm × 25 mm × 4 mm, were oven dried at 60 °C for 24 h. The weight and dimensions of each specimen were measured prior to the test. The specimens were soaked in water at 25 °C for 65 days. The value of WA and TS were calculated following Equations (1) and (2), respectively:$$\ WA~\left( \% \right) = \frac{W_{t} - W_{0}}{W_{0}} \times 100\%,\ $$ $$TS~\left( \% \right) = \frac{T_{t} - T_{0}}{T_{0}} \times 100\%~,$$ where *W~t~* and *W*~0~ represent the weight (g) of the specimens at specific and initial time, respectively, and *T~t~* and *T~0~* represent the thickness (mm) of the specimens at specific and initial time, respectively.

### 2.4.6. Thermomechanical Analysis (TMA) {#sec2dot4dot6-polymers-10-01176}

The thermal expansion of the composites was measured using a thermo mechanical analyzer (Q400; TA Instruments Inc., New Castle, DE, USA). The samples (6 mm × 6 mm × 4 mm) were clamped between the probe and the sample table under a force of 0.05 N. Then, they were heated from 30 to 60 °C, cooled to −30 °C, and finally reheated to 30 °C. The heating and cooling rates remained identical at 3 °C/min.

### 2.4.7. Creep and Relaxation Analysis {#sec2dot4dot7-polymers-10-01176}

Creep and stress relaxation behaviors of the composites were carried out in a single cantilever mode at 30 and 60 °C, respectively, using a dynamic mechanical analyzer (Q800; TA Instruments Inc., New Castle, DE, USA). The samples of both tests measured 35 mm × 12 mm × 4 mm. A load of 2 MPa was applied to the samples for 30 min followed by the release of the load for 30 min in an isothermal creep test. A constant strain of 0.1% was applied to the samples for 30 min for the stress relaxation test, and the change in load was recorded.

### 2.4.8. Dynamic Mechanical Analysis (DMA) {#sec2dot4dot8-polymers-10-01176}

The dynamic mechanical properties of the composites were measured using a dynamic mechanical analyzer (Q800; TA Instruments Inc., New Castle, DE, USA). Tests of samples measuring 35 mm × 12 mm × 4 mm were performed in a single-cantilever mode with an amplitude of 50 µm and a frequency of 1 Hz. The temperature was swept from −20 to 120 °C at a heating rate of 3 °C/min.

3. Results and Discussion {#sec3-polymers-10-01176}
=========================

3.1. Dynamic Mechanical Analysis {#sec3dot1-polymers-10-01176}
--------------------------------

The storage modulus (*E*′ of both extracted and unextracted rice straw/HDPE composites decreased over the entire measured temperature range. This might be caused by the increased mobility of HDPE chain segments with increasing temperature \[[@B14-polymers-10-01176]\]. AL/HDPE had the highest *E*′, followed by HW/HDPE, CW/HDPE, and RS/HDPE ([Figure 2](#polymers-10-01176-f002){ref-type="fig"}). *E*′ was closely associated with the elastic response of the composites and represented the stiffness of the material. The natural fibers greatly contributed to the NFPCs' stiffness and its interaction with the matrix also influenced the stiffness of the material \[[@B17-polymers-10-01176],[@B18-polymers-10-01176]\]. Extracted rice straw/HDPE composites had higher *E*′ than unextracted rice straw/HDPE composites. This could confirm that the removal of rice straw extractives improved the adhesion between rice straw and the HDPE matrix. The stress was more efficiently transferred from the HDPE matrix to the rice straw. CW removed the least extractives of rice straw ([Table 1](#polymers-10-01176-t001){ref-type="table"}) and the surface of CW-RS could retain more impurities than HW-RS and AL-RS. Therefore, the adhesion between CW-RS and the HDPE matrix was poorer than HW-RS and AL-RS, and the *E*′ of CW/HDPE was much lower than HW/HDPE and AL/HDPE. Cellulose is the major framework component of natural fibers and provides stiffness stability for the natural fibers \[[@B19-polymers-10-01176],[@B20-polymers-10-01176]\]. Therefore, the *E*′ magnitude of both extracted and unextracted rice straw/HDPE composites also matched the order of cellulose content of both extracted and unextracted rice straws ([Table 1](#polymers-10-01176-t001){ref-type="table"}).

The damping factor tanδ (*E*″/*E*′) amplitude among the extracted and unextracted rice straw/HDPE composites had few differences at room temperature ([Figure 2](#polymers-10-01176-f002){ref-type="fig"}). With increasing temperature, the RS/HDPE had a higher tanδ amplitude than the extracted rice straw/HDPE composites. An interfacial poorly banded composite material tended to dissipate more energy, showing a high magnitude of damping peak in comparison to the strongly bounded interface \[[@B17-polymers-10-01176]\]. Furthermore, the particle with high stiffness restrains the segment mobility of the matrix molecules, thus resulting in a low tanδ amplitude of the composites \[[@B21-polymers-10-01176],[@B22-polymers-10-01176]\]. Both of these principles result in a higher tanδ amplitude of the RS/HDPE at temperatures between 50 and 120 °C.

3.2. Water Absorption {#sec3dot2-polymers-10-01176}
---------------------

Both extracted and unextracted rice straw/HDPE composites had similar water absorption and thickness swelling tendencies, where the rates of water absorption and thickness swelling were high during the initial stage, and then gradually decreased ([Figure 3](#polymers-10-01176-f003){ref-type="fig"}). RS/HDPE absorbed more water than the other extracted rice straw/HDPE composites, but its thickness swelling was comparatively low. The water absorption of the AL/HDPE was much higher than that of CW/HDPE and HW/HDPE, and the thickness swelling of AL/HDPE was maximal. There were no evident differences between the CW/HDPE and HW/HDPE in the water absorption and thickness swelling.

The pure HDPE was naturally hydrophobic, and its water absorption was very low (\<1%) \[[@B2-polymers-10-01176]\]. The hygroscopicity of the composites was mainly due to the free hydroxyl group of rice straw. Further reasons that could lead to water absorption of the composites were the lower bonding strength between rice straw and HDPE matrix, and voids that were found in the composites ([Figure 1](#polymers-10-01176-f001){ref-type="fig"}a). No voids were found in the extracted rice straw/HDPE composites ([Figure 1](#polymers-10-01176-f001){ref-type="fig"}b--d) and the adhesion between extracted rice straw and HDPE matrix was improved. Therefore, the extracted rice straw/HDPE composites absorbed less water than RS/HDPE. Hemicelluloses and celluloses had higher capacity to absorb water \[[@B12-polymers-10-01176],[@B14-polymers-10-01176]\], which indicated why the AL/HDPE demonstrated a more intense water absorption behavior than both the CW/HDPE and the HW/HDPE. The total contents of hemicelluloses and cellulose were very close between the CW/HDPE and the HW/HDPE ([Table 1](#polymers-10-01176-t001){ref-type="table"}), and the water absorption behavior of the CW/HDPE and the HW/HDPE were equal.

The removal of extractives of natural fiber exposed more free hydroxyl groups on the surface of the fiber ([Figure 4](#polymers-10-01176-f004){ref-type="fig"}), thus increasing the moisture absorption ability of the composites \[[@B2-polymers-10-01176],[@B23-polymers-10-01176],[@B24-polymers-10-01176]\]. Furthermore, the content of hemicelluloses and cellulose of RS was lower than that of extracted rice straw ([Table 1](#polymers-10-01176-t001){ref-type="table"}) and the internal voids of the RS/HDPE ([Figure 1](#polymers-10-01176-f001){ref-type="fig"}a) where water could permeate made the composite absorb the highest amount of water (a great amount of water existed in the voids) and achieved a relatively low thickness swelling. The thickness swelling of the RS/HDPE was slightly higher than the CW/HDPE and the HW/HDPE during the initial 20 days, but then decreased below that of both CW/HDPE and HW/HDPE. This phenomenon was consistent with the larger contact areas between the RS/HDPE and water than other composites, which was caused by the internal voids of the RS/HDPE. Furthermore, the thickness swelling of RS/HDPE remained stable after the water absorption of RS was close to saturation.

3.3. Thermal Expansion Behavior {#sec3dot3-polymers-10-01176}
-------------------------------

The linear Coefficient of thermal expansion (LCTE) is a significant property for structural applications of composites; a low LCTE value is preferable for the dimensional stability of composites \[[@B25-polymers-10-01176]\]. The LCTE of both extracted and unextracted rice straw/HDPE composites was measured in thickness during two heating stages (30 to 60 °C and −30 to 30 °C) and one cooling stage (60 to −30 °C) ([Table 2](#polymers-10-01176-t002){ref-type="table"}). During all three stages, RS/HDPE had the lowest LCTE and AL/HDPE had the highest LCTE. The thermal expansion behavior of both CW/HDPE and HW/HDPE was very similar. The thermal expansion of the NFPCs was mainly determined by the matrix, and the natural fibers played a restrained part in NFPCs \[[@B25-polymers-10-01176],[@B26-polymers-10-01176],[@B27-polymers-10-01176],[@B28-polymers-10-01176]\]. The inner state of the RS/HDPE was not continuous and the heat transmission of the RS/HDPE could be harder than the extracted rice straw/HDPE composites. Hence, the LCTE of the RS/HDPE was lower than that of extracted rice straw composites with a continuous inner state. The surface of the AL-RS exposed more hydroxyl groups ([Figure 4](#polymers-10-01176-f004){ref-type="fig"}) than the CW-RS and the HW-RS; therefore, the polarity of the AL-RS was stronger than that of CW-RS and HW-RS. The bulk density of AL-RS was the highest ([Figure 5](#polymers-10-01176-f005){ref-type="fig"}) in the situation of the removed extractives nearly half the weight of the rice straw ([Table 1](#polymers-10-01176-t001){ref-type="table"}). Therefore, the agglomeration of the AL-RS that was observed could be confirmed. The agglomeration and stronger polarity made AL-RS have a less restricting effect of the non-polar HDPE than the CW-RS and the HW-RS. Thus, the LCTE of AL/HDPE exceeded those of CW/HDPE and HW/HDPE.

3.4. Creep and Relaxation Analysis {#sec3dot4-polymers-10-01176}
----------------------------------

Creep is a time-dependent mechanism of material deformation and is a very important and necessary consideration for the long-term durability and reliability of material applications \[[@B29-polymers-10-01176]\]. The creep strains of both extracted and unextracted rice straw/HDPE composites as a function of time are shown in [Figure 6](#polymers-10-01176-f006){ref-type="fig"} at temperatures of 30 and 60 °C, respectively. At both temperatures, the RS/HDPE had the highest creep strain, followed by CW/HDEE, AL/HDPE, and HW/HDPE. The interfacial interaction between fillers and the polymer matrix played a central role in the final creep behavior of the composites \[[@B30-polymers-10-01176],[@B31-polymers-10-01176]\]. The removal extractives of the rice straw enhanced the interfacial adhesion between the rice straw and the HDPE matrix, and significantly improved the creep properties of the rice straw/HDPE composites. The adhesion between the CW-RS and the HDPE matrix was less than that between HW-RS and AL-RS. Therefore, the creep properties of CW/HDPE were poorer than the HW/HDPE and the HW/HDPE. Moreover, the well-dispersed fillers in the matrix were beneficial for stress transfer, which resulted in reduced deformation \[[@B32-polymers-10-01176]\]. The aggregation of AL-RS had unfavorable effects on its dispersion in the HDPE matrix, which could be the reason why the creep behavior of AL/HDPE was worse than that of HW/HDPE. The degrees of creep and residual deformation of both extracted and unextracted rice straw/HDPE composites tested at 60 °C far exceed the creep behavior of the composites at 30 °C, due to the stronger molecular motions of HDPE chain segments \[[@B28-polymers-10-01176]\].

Stress relaxation is a time-dependent material behavior that can be observed to decrease in response to the same amount of strain generated in the structure. The relaxation modulus of both extracted and unextracted rice straw/HDPE composites were measured at 30 and 60 °C for 30 min ([Figure 7](#polymers-10-01176-f007){ref-type="fig"}). The same relaxation modulus variation tendencies of extracted and unextracted rice straw/HDPE composites were observed at both temperatures. The stronger molecular motions of HDPE chain segments at higher temperature decreased the relaxation modulus of the composites. The relaxation modulus of the composites followed a decreasing order: HW/HDPE \> AL/HDPE \> CW/HDPE \> RS/HDPE. The removal extractives of rice straw significantly improved the relaxation modulus of the resulting rice straw/HDPE composites. The difference in the relaxation modulus of both extracted and unextracted rice straw/HDPE composites could also be explained by both the interfacial interaction and filler dispersion of the composites.

4. Conclusions {#sec4-polymers-10-01176}
==============

The CW, HW and AL methods removed different amounts of extractives of rice straw. The dimensional stability (water uptake and thermal expansion), dynamic mechanical properties, creep, and stress relaxation of both extracted and unextracted rice straw/HDPE composites were investigated. The removal of extractives of rice straw decreased the water absorption of the resulting rice straw/HDPE composites; however, it increased the thickness swelling of the AL/HDPE and increased the thermal expansion of the resulting rice straw/HDPE composites. Dynamic mechanical analysis demonstrated that the stiffness of the rice straw/HDPE composites increased, and the energy dissipation of the rice straw/HDPE composites decreased via removal of rice straw extractives. The removal of rice straw extractives also significantly improved the creep and stress relaxation behaviors of rice straw/HDPE composites. Based on this study and on previous works by our groups, the HW method of extraction obtained the HW/HDPE with the best comprehensive performance.
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![Storage modulus (*E*′) and mechanical damping (tanδ) of RS/HDPE, CW/HDPE, HW/HDPE, and AL/HDPE as a function of temperature.](polymers-10-01176-g002){#polymers-10-01176-f002}
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![Creep strain of the RS/HDPE, CW/HDPE, HW/HDPE, and AL/HDPE during creep tests at (**a**) 30 °C and (**b**) 60 °C, respectively.](polymers-10-01176-g006){#polymers-10-01176-f006}

![Stress relaxation of the RS/HDPE, CW/HDPE, HW/HDPE, and AL/HDPE at 30 and 60 °C, respectively.](polymers-10-01176-g007){#polymers-10-01176-f007}

polymers-10-01176-t001_Table 1

###### 

Main chemical compositions of the unextracted and extracted rice straw.

  Chemical Content     CW-RS          HW-RS          AL-RS          RS
  -------------------- -------------- -------------- -------------- --------------
  Cellulose (%)        41.84 ± 1.34   44.53 ± 0.66   58.72 ± 0.40   31.34 ± 1.24
  Hemicelluloses (%)   33.38 ± 0.31   29.63 ± 3.58   23.72 ± 1.13   26.30 ± 2.33
  Lignin (%)           17.31 ± 0.84   16.46 ± 0.48   1.66 ± 0.18    14.70 ± 0.77
  Ash (%)              7.47 ± 0.31    7.99 ± 0.34    5.25 ± 0.10    9.89 ± 0.10
  CW extractives (%)   \-             \-             \-             13.82 ± 0.39
  HW extractives (%)   \-             \-             \-             21.16 ± 0.59
  AL extractives (%)   \-             \-             \-             49.85 ± 0.39

polymers-10-01176-t002_Table 2

###### 

Linear coefficient of thermal expansion (LCTE) of the RS/HDPE, CW/HDPE, HW/HDPE, and AL/HDPE measured in the thickness direction at temperatures changing from 30 to 60 °C, 60 to −30 °C, and −30 to 30 °C, respectively.

  Samples   Single-LCTE (10-6 °C-1)                    
  --------- ------------------------- ---------------- ----------------
            **30 → 60**               **60 → (−30)**   **(−30) → 30**
  RS/HDPE   162.7                     129.3            106.4
  CW/HDPE   193.8                     162.8            126.7
  HW/HDPE   193.4                     164.0            130.3
  AL/HDPE   200.3                     179.0            151.2
